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METHOD OF FABRICATING A SEMICONDUCTOR DEVICE 

The invention relates to a method of fabricatinga semiconductor device having at .east 
one epita..-a, lay.r which Is tepered. or equival^ntly flared, in a plane perpenorcu.ar to 
the p,ar,e of the layer on which it is grown. More particularly, although not exclusively 
.t may be used to fabricate a semiconductor optical slab-waveguide having a core laye^ 
wh.ch IS tapered In a plane perpendicular to the plane of the layer on it is grown. 

Opto-electronic systems contain optical fibres and opto-electronic semiconductor 
a devices such as lasers, amplifiers, modulators, detectors and switches. The sb.e and 
shape of the optical modes supported by optical fibres are significantly different to 
those Within opto-electronic semiconductor devices, and this results Inmodal mismatch 
and h.gh optical losses when optical radiation is coupled between such devices and 
fibres. 

One technology which reduces such optical losses involves the use of a microlens 
placed between the opto-electronic semiconductor device and the optical fibre The 
microlens changes the size of the optical mode output by the opto-electronic 
semiconductor device or optical fibre, but not the shape of the mode. Another 
technology Involves the use of an optical mode-converting waveguide placed between 
the opto-electronic semiconductor device and the optical fibre. Both of these 
technologies demand very high alignment tolerances w/th the result that the alignment 
Of the components can represent the most significant part of the total cost of an opto- 
electronic system. 

A third technology which reduces coupling losses involves the use of opto-electronic 
sem,conductor devices having output waveguides with a two-dimensional tapered 
thickness profile between the active part of the device and the output facet This 
tapering of the output waveguide allows the relatively small (0.5 to 2.0 pm) ,nd 
sometlmoe highly asymmetric optical mode from the active part of an opto-electrcnic 

svmmT"; "^"^'^^ ^° '^^^^ *° ^^-'-V 

symmetnc optical mode supported by an optical fibre. 

Lateral tapering of the output waveguide of an opto-electronic semiconductor device 
..e. tapenng m a plane parallel to a subst^te surface, may be achieved using known 
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semfconductor processing techniques .uch as phototrthography and chemic , t h- 

5 thickness of Ih. . " ""^ '=°nt™'"ng the 

tnicKness of the core layer during wafer growth. 

Methods currentry used for producing ver«c.Hy tapered and flared semicor^ductor 

Quantum Electronics. Volume 3 . Number 6. pp 1308 - 1320 and may be clarsffied 
0 under three main headings, as follows: classified 

1 . Etching and re-growth techniques. 

.n .he.e ,e*„,que=. epi,«,a. orov«« o, «,e wafer I, stopped a«.r deposition oT me 
core layer Of , he »eveguide. The v^ter i, .hen ,.n,o»«l frorn .he wafer growtt, 

wafer ,s then replaced ,n the arowH, apparatus »,d the upper Bulding layer is grown 
over the .tehed core layer. These technioues have the foliowing d,«Xarl»es Z" 
^e overall processing is cc.ple« and „ma.co„su.i„g. Second. ren,ovaror7he 
P»rt,aily.grown wafer fron, the growth apparatus and etching the waveguide core layer 

L l T h r ""^ raprodudbility in one such .emod. .no 

as dip^etchina. rt not possible to pn,c.es the whole surface of a wafer. 

2. rmpurity-induced disordering. 

This is a tachnlqua tor producing verticil, tapered waveguides stanlng with a 
waveguide In which the cor» iaver h.. .. _ »u>™ng with a 

th=.» • . ™ micknesa. This technique is limited In 

that he .n^al uniform waveguide must have , co,« toyer consls«ng a, a mu«l e 
ouentum-wel, region. Zinc is dilfused into tho waveguide through the ul. ! 

p:r:rn~ '° wr.rr;o :r 

tapping of «» waveLd, ™.T u '""^'^ 

wveguid. heve .,^0. o^rrthr^rr :rdr 

is also m ^pec o,«,e matedai systems that marrused! " 



Received U-*Jun-89 0^:1 2pm 



Froni-0168^ 885542 



To-THE PATENT OFFICE 



Page 05 



14-JUN. ' 99(M0N) 16:14 DERA MALVERN IPD/- FAX:01584 895542 ._ P. MS. 



15 



25 



30 



35 



3 

3. Epitaxial techniques. 

Several techniques exist in «,nich the tapered core layer and upper guiding layer of a 
waveguide may be grown in a single step. For example. . temperature gradient 
introduced In the plane of a wafer consisting of a substrate and a lower guiding layer 
5 dunng the growth of the core .ayerby molecular beam epitaxy (MBE) may be used to 
control the thickness of that layer. In thf= technique it is very difficult to control the 
compositional unifom,ity of ternary and quaternary compounds across the temperature 
gradient and materials having a low melting point or requiring a high growth 
temperature may have a narrow range of suitable growth temperatures. This places 
10 limits on the temperature gradients that may be employed. 

Another epitaxial technique is known as "growth-on-a-ridge". By standard etching 
methods a ndge of varying width may be produced on a wafer comprising a Substrate 
and a lower guiding layer. Due to surface diffusion properties of metal-organic vapour- 
phase epitaxy (MOVPE). the grx:wth rate of the remaining waveguide layers Increases 
as the width of the ridge decreases, producing a tapered waveguide. This technique 
involves complicated and time-consuming wafer processing before epitaxial growth of 
the core and upper guiding layers can take place. 

Yet another epitaxial technique is shadow-mask MOVPE growth using a dielectric 
mask. In this technique, a patterned dielectric mask is deposited onto a wafer During 
MOVPE epitaxial growth, deposition takes place through a window in the shadow 
mask. -The lateral thickness of the layer deposited underneath the shadow mask may 
be controlled by varying the lateral dimensions of the window, the distance between 
the mask and the substrate, and the reactor pressure. This technique involves an 
Additional growth step of growing the dielectric mask and an additional processing step 
to remove it. Although a mechanical shadow mask may be used Instead of a dielectric 
mask. MOVPE growth inevitably results in compositional non-uniformity within the 
tapered layer due to the unequal diffusion lengths of the reaction gases In MOVPE 
growth. This results in refractive index non-unifomiity within the tapered layer which 
adversely affects the guiding of light within that layer. Also, exposure of the wafer to 
the atmosphere during mask Insertion and removal may insult in contamination of the 
wafer. A further disadvantage is that deposition of material on the mask itself 
necessitates mask cleaning or replacement 



20 



Received 14-Jun-99 04:12pa 



FroiD-01684 885542 



To-THE PATENT OFFICE 



Pace 06 



14-JUN. ■ 99(M0N) 16:14 DERA MALVERN IPD/ FAX:01684 895542 P. 007 



It is an object of the invention to provrda an a(t»m=,t.w 

tapersd In a plane norma to the Dl,n. o, ,k i . -vcguide Is 

5 

Another object of the invention Is to provide an alternative process for fabn>.*- 
semiconductor device having at .e.st one epitaxial layer Zl T ! ^"^ ' 

normal to the planeofthesub^trate on .hichl;::"::^^^^^ ^ '^"^ 

10 The invention provides a method of fabricating a aemiconductor device. 

The invention provide, several advantages. First, the process allows the fabrication of 
. pas3.ve ndge waveguide rncorporating a core layer which is tapered m two 
d.mens,ons by means of a single epitaxial orowth step starting from a standard 
15 substrate followed by standard wafer nrocessino Aeth om a standard 

. , processing. As there are no interruptions to the 

ep^axial grcwh s.ep and „„ p„s..p™oe«l„, s.epa require. „ optaln vo^lc, 
«^nng c, me core ,a.er. ,he process Is re,a.l>,eV simple and rapid ^ 

ep,«x,al Brov^h. .mprovns y.e,d. Second, compositlcne, Inhomogenelttes In ,he 
tapered r.g»n the waveguide, which occur In shadow mask growth by MOVPS are 

25 .ncreaae ,,. op«ca, ,o«. Third, .he p„=ess allows the fabrication of 'apered 

.ho .h,„ oart. in Bpereo waveguides grown using a shadow mask and MOVPE the 
core ,ay.r thlcKness flr« Increases b-tore .aparlng .o «,e «„n per, of J^^M 
effect adversely affects «» goldlna orooerti^ . . " '=°'*- ™k 
» -voided ,„ ,he present process FcuTh T ^ waveguld. and I. 

Shadow mask uL ZZ^^J^' ^ ™ P^V^Vsta™". growth on the 
Shadow mask .o he Z^^ZZ^^ ^ "^'^ ' 

af.erepH.xla, growth. T„J,^:ZZl^T " '"""'•"^"^ "^"^ »nd 
(MBE) Whe,, signttlcan. polycrvs.::::^ ^.Tn t ~ 
SS unwanted shadovwna effects. "la shadow mask cauawg 
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^ ] and oall,um „sen,d. (G,A., « p.e,=rab,y uses ,«e..y, g,„i„„, ^oa, cr «- 

.lane (EDMAAI) as tha aluminiun, source and ,ha™ally-crae..d ar^ina aa »a araanic 
aouroa ,„ o«er .a ^duca i„puri.,.a i„ ,He growth crystal and so in^prove opHc^ 
characaHatlc. c, »,a dav.c. tna gra^ ,a p«,a..,y conduaed a a 

temperature in the range 500 to 600 •=»C. 

in the case of waveguides based on indium phosphide (,nP) and .nd.um eallium 
«r.en.de phosphide (inGaAsP) the process preferably uses trimethy, Indium (TMln) 
tnmethy, gallium (TMGa). arslne and phosphlne as the sources of Indium. g.„i.„," 
arsenic and phosphorus respectively. 

in order that the invention may be more fully understood, embodiments thereof will 
now be described, by way of example only, with reference to the accompanying 
drawings in which: ^ 

Figures 1 to 4 show the principal stages in a process according to the invention 
for producing a semiconductor optical waveguide with a core layer which rs 
taperod in two dimensions, 

Figure 5 shoves a vertical section of a mechanical apparatus used during 
production of the waveguide, 

Figur. e ahowa a varBcal aecBon of a shadow maak uaed In the process, 
FlguiB 7 snows a plan viaw of the shadow mask, and 

Rgure s Shows the structure of an optOH,lectronlc san,icond„c.cr modulator 

Z^:Z : T''' ' ""^ V^'CH Has a z 

layer which is tapered in two dimensions. 
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dev,c. f=b„«.,on. T.. .ub«r.,e ,0 ,s moume. ,„ a mCybdenun, h.,der (no, shown, 
The mounted subs,ra,e 10 is ,o.d.d Into , chemioa, b..m ep„,xv <CBE oppa^ ' 
no. ,hc««,, and . :h,„ ..o„d unde. u,..-h„h „e=u.„ <UHV,. ul',hen c Tdt. 
.h. grov«, chamber of .h. CSE appa^tus under UHV cond,«on. ,nd hooted t 
approximate,, 6=0 -c under an arsenio ovc^^osure ,o remove oxide deposit on .he 
surrace wh,,« ™,n,ainih9 a ataWe au^aee a« avoiding roughoning. The temperance 
of th. aub«™,e 10 i. than set ,o a growth temperature of approxlmatal), 640 -c to 
neduca un^tantiona, incorporation of Impumiea during CBE growth using ih. p«ferr.d 
sources. Referring Figure 2, ,h. following layers are suocessivelv deposited by CBE 
unrfonnly over the surface of the substrate 10 in the following order 

a 0.5 Mm layer 11 of GaAs. 

a 3.3 Mm layer 12 of AIQaA, having an aluminium mole tiaotion of 0.05 , 0 005 
a 0.4 Mm layer 13 of AlGaAs having an aluminiun, mole fraction of 0.3 ± 0 03 

and ' ' 

a 1.8 layer 14 of GaAs. 

During CBE growth of th. leyer. 1 1 to ,4. the CBE reactor p^ssure Is kept below 10- 
Torr so that gas phase reactions are avoided and the substrate 10 Is rotated at 60 
^volu^ons ^ mInute. The layer 1, is a buffer layer which sepe^tes waveguide 
layers from «ie substrate 10. Layers 12 and 13 form lower guiding layers in "he 
f.n„hed waveguide. The thlc^ of layer 14 is e,ua, to that of a thin region Z L 
..pered core layer in the flnlshed waveguide. Th. substrate 10 and the iayel "i ,1^ 
con««u.a a partially grown wafer 23. Po„o..„g deposition of the layer 14 the llino 
«u. ,a s^toh^t Off and the tamperatur. o, the wa,^ is .educed to 200 -C VZl 
roughening Of its upper surface, avoid 
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Referring now to Figure 3. a siricon dioxide coated silicon shadow masK 22 (or wnrch 

zz = r.r. r — . 

Shadow masit 22 and spacer 20 are ic^n^H i * snown). The 

* ^ ^ growth chamber of the chp 

apparatus under UHV conditions and damped into position The °' "^^^ 

the shadow mask 22 from fh Position. The spacer 20 separates 

^m. The arsine flux is switched on and the t^m,,.. . . s^nce or lOO 

ea on and the temperature of the wafer 28 is returned toa 
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growth temperature wh.ch is the original growth temperature (540 ^C) corrected for an 
.ncrease in surface temperature of t.. ..,er 2e as a ^suit of the .hadow mask 22 
reduc^g heat loss from it. COE growth is then resumed. The enviror^menta. 
cond,t.ons m the CBE apparatus are such that CBE growth wi„ take p.aca on a 
5 ohemlcaHy appropriate surface (i.e. layer 14) but not on ar, inappropriate surface, e 
the surface of the mas. 22). A 4 ^m layer 16 of GaAs is grown over the layer 14 
through the apertures in the shadow mask 22. In regions such as 29 close to the 
edges of the apertures In the mask 22. the growth rate is reduced so that the finished 
layer 16 has a thickness profile in the region 29 which tapers smoothly f„,m zero to 4 
10 ^m over a lateral distance of approximately looo ^m. Layers 14 and I6 form a 
homogeneous core layer 18 having tapered regions such as 15. It is believed that the 
profile of the tapers such as 15 is dominated by the angle at which chemical beams 
arnve at the wafer 28 during epitaxial growth. The length of the tapers 15 may be 
controlled by changing the thickness of the spacer 20 and the angle at which the 
15 chem,cal beams arrive at the wafer 28. This is in contrast to shadow mask growth by 
MOVPE Where the taper profile is dominated by the geometry of apertures in the 
Shadow mask and gas phase reactions so that the tape,., lengths may be limited by 
the diffusion length of molecules on the surface at a given temperature. 

20 Growth Of layer 16 is terminated by switching off the flux of group III -containing 
species to the growth chamber of the CBE apparatus. The temperature of the wafer 
30 ,s reduced to 200 and the arslne supply to the CBE apparatus is switched off 
The spacer 20 and shadow mask 22 are removed under UHV conditions. The arsine 
flux is then switched, on and the temperature of the wafer 30 is returned to 
25 approximately 540 -c. CBE growth Is then resumed. Referring now to Figure 4 a 1 2 
Mm thick layer 24 of AlGaAs having an aluminium mole fraction of 0.2 ± 0 02 is 
deposited on the upper surface of the layer 18 forming an uppar guiding layer A O 1 
Mm capping layer 26 of GaAs is deposited uniformly over the upper guiding layer 24 

30 ap~"'^' ^""^'^^ - — - -E 



35 



Ute™. ta«„„» 0, w.„eguidc. i.e. .apehng ,„ a plane pamllel to the pia™, of the 
P».o,0.,tt»„.aphy ^ .chr.ve. u.ln, a mini™, len^tn ,„.,„^. 
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depostted through the shadow mask 22 Th« 

waveguide hcorpc^ins a core Z o„ h- I " ' "'^"■^ """^ 

Hwicjxing a core region which is tapered in tw/o r^srv*^ 

ccn^en. me s^e of an .pUc, „„de guid^ ^,Hi„ it 

heated substrate assembly, a gas in(et manifniri » * • . roraiao/e 
storage of substrates and sL' T "'"'"^^ '^^^'^^^^ 

foadina and . T " 'Chamber for 

foading and unloading substrates and shadow masks and a transfer m«.h 7 

transferring substrates and shadow .asks between c.TlTrTj ZTr^ 
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Referring to Figure 5, there is shown a vertical * 
= . . vertical section of a mechanical apparatus So 

5 which IS used to hold the substrate 10 the soacer 3n =«h *u u ^ PPa^tus 50 

the CBF anr,=r^. ^ • ^^^dow mask 22 within 

molybdenum earner 52 and Is secured in position by two tantalum springs 54 ^e 
substrate 1o has a major flat which sits .rmly aga.nst a flat surface 56of the earner ^ 
The earner 52 Is attached to a heater assembly SB by three pins su^JT^, 
spacer 20 and shadow mask 22 ^« ♦ _■ • 

. ^ mounted in a molybdenum holder 62 which is 

mounted onto the apparatus 50 over the substrate 10 bv thr. - u 
snar^or On • suosxrate 10 by three pms such as 64, the 

spacer 20 b.,„g ,n contact „«h .ubst^e ,0 around «s edge. A c,=„p,ng Hna 66 
ha,,n8 thrae sprtng. se is mounted o,er the shadow mask 20 on ,h Th 
ensure contec, b«we,n the spacer 20 and me substL ,o th ° 
minimum rotational error and accurate *° 
Shadow mas. 10 and 

Referring now to Figure 6 there i^ ^. 

diameter of 75 mm Rw =r=„^ - thickness of 450 ^im and a 

ape^ra, such a. 23^w«h s,o ii v ^ t rw::!" ^ " 
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decomposition of metal-containing alkyls does not occur on the oxide surface 91 of the 
mask 22 over a large temperature range in CBE growth. Figure 7 shows a plan view 
Of the Shadow mask 22 and also indicates the apertures 23 and the position of the 
substrate 10. The shadow mask 22 includes apenur^s 40 for the intrusion of the 
spnngs 54 and flat surfece 56. The mask 22 also has holes 41 to enable it to be 
attached to tho molybdenum carrier 62. 

In a further embodiment of the Invention, the process may be used to fabricate a 
tapered waveguide In which the guiding layers are of indium gallium arsenide 
phosphide (InGaAsP) and the tapered core layer is of indium phosphide (InP). such a 
v^aveguide may be used for guiding and reshaping optical modes with wavelengths 
around 1 .3 or 1 .5 Mm. In yet further embodiments of the Invention, the process may be 
used to fabricate vertically tapered waveguides having core layers of indium arsenide 
(InAs). gallium antimonide (GaSb) or indium antimonide (InSb) for use with radiation 
15 having wavelengths between 1 and 8 ^m. 

The process of the invention may also be used to fabricate other semiconductor 
devices incorporating at least one tapered layer in a single epitaxial growth step. 
Figure 8 shows the structure of an opto-electronic semiconductor modulatorlOO which 
JO may be fabricated by the process. The modulator lOO is fabricated as follows. An n- ' 
type GaAs substrate wafer 110 is prepared, mounted and loaded into a CBE apparatus 
as described above. The following epitaxial layers are then successively deposited on 
the wafer 1 10 by CBE in the following order 



25 



30 



a 0.5 nm layer 112 of n^pe GaAs having a doping density of 10" cm"'. 

a 3.5 Mm layer 114 of n-type AlQaAs having an aluminium mole fraaion of 0.05 ± 

0.005 and a doping density of IC^ cm'^ 

a 0.3 Mm layer 11G of n-type AIGaAs having an aluminium mole fraction of 0.3± 0.03 
and a doping density of 10" cm-^. 

a 0.1 Mm layer 118 of n-type AiGaAs having an aluminium mole fraction of 0.3- 0.03 
and a doping density of IC^ cm ^ 

a layer 120 of undoped GaAs having a tapered region 125 in which the thickness of 
the layer 120 Increases from 1.8 Mm to 5.8 Mm over a lateral distance of approximately 
1 000 Mm and which is formed using a spacer and shadow mask as described above 
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! mn layer 122 of undoped AIGaAs haumn i • • 

^ ^^'^^ ^^"""9 aluminium mote fraction of 0.2 ± 

Um capping layer 124 of undoped GaAs. 
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CLAlAflS 

1. A method of fabricating a semiconductor device. 

2. A semiconductor device. 
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